














学校编码：10384                                     分类号      密级        
学号：21720090153569                                           UDC        
 
 
博  士  学  位  论  文 
 
链霉菌 LZ35 菌株中沉默新安莎基因簇的激活
和 hygrocin 生物合成研究 
Activation of the silent neoansamycin biosynthetic gene cluster 
and hygrocin biosynthesis in Streptomyces sp. LZ35 
 
李 善 仁 
 
指导教师姓名：沈月毛  教授 
专  业 名 称：微生物学 
论文提交日期：2013 年 6 月 
论文答辩时间：2013 年 6 月 
学位授予日期：    
 
答辩委员会主席：           
评    阅    人：           
 
























另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的资助，





































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，于   
年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 














目  录 
 




第一章  前  言 ........................................................................................... 1 
1 微生物来源天然产物研究现状 ..................................................................................... 1 
2 微生物来源天然产物发掘方法 ..................................................................................... 2 
2.1 挖掘特殊生境微生物资源 ................................................................................... 2 
2.1.1 海洋微生物 ................................................................................................. 3 
2.1.2 植物内生菌 ................................................................................................. 4 
2.1.3 未培养微生物 ............................................................................................. 4 
2.1.4 被忽视的微生物 ......................................................................................... 5 
2.2 改进微生物培养方法 ........................................................................................... 8 
2.2.1 营养条件调控 ............................................................................................. 8 
2.2.2 微生物共培养 ............................................................................................. 9 
2.2.3 N-乙酰氨基葡萄糖系统............................................................................ 10 
2.2.4 诱导小分子 ............................................................................................... 10 
2.3 基因组挖掘 ..........................................................................................................11 
2.3.1 过表达正调控因子 ................................................................................... 13 
2.3.2 敲除负调控因子 ....................................................................................... 14 
2.3.3 置换启动子 ............................................................................................... 14 
2.4 异源表达 ............................................................................................................. 15 
2.4.1 宏基因组 ................................................................................................... 15 
2.4.2 沉默基因簇 ............................................................................................... 16 
2.5 工程技术 ............................................................................................................. 17 
2.5.1 代谢工程 ................................................................................................... 17 
2.5.2 核糖体工程 ............................................................................................... 17 
2.5.3 组合生物合成 ........................................................................................... 19 
2.6 合成生物学 ......................................................................................................... 20 
3 安莎霉素类抗生素简介 ............................................................................................... 21 
4 本学位论文研究背景，内容及意义 ........................................................................... 22 
第二章  材料与方法 .................................................................................. 24 
1 实验材料 ....................................................................................................................... 24 
1.1 菌株 ..................................................................................................................... 24 
1.2 质粒 ..................................................................................................................... 27 
1.3 培养基 ................................................................................................................. 29 
1.4 化学试剂 ............................................................................................................. 30 













目  录 
 
2 实验方法 ....................................................................................................................... 35 
2.1 菌株培养及保藏 ................................................................................................. 35 
2.2 大肠杆菌质粒 DNA 提取 .................................................................................. 35 
2.3 大肠杆菌感受态细胞制备 ................................................................................. 36 
2.4 PCR 扩增基因片段 ............................................................................................. 36 
2.5 PCR 产物纯化 ..................................................................................................... 37 
2.6 DNA 片段回收 .................................................................................................... 37 
2.7 质粒和 DNA 片段酶切 ...................................................................................... 38 
2.8 质粒酶切产物去磷酸化 ..................................................................................... 38 
2.9 目的片段与载体连接 ......................................................................................... 38 
2.10 质粒 DNA 转化大肠杆菌 ................................................................................ 39 
2.11 蛋白异源表达与纯化 ....................................................................................... 39 
2.12 蛋白晶体获得 ................................................................................................... 41 
2.13 基因定点突变 ................................................................................................... 42 
2.14 基因转录分析 ................................................................................................... 42 
2.15 静息细胞培养 ................................................................................................... 45 
2.16 生物活性测定 ................................................................................................... 45 
2.17 链霉菌基因组 DNA 提取 ................................................................................ 46 
2.18 基因组 fosmid 文库构建.................................................................................. 48 
2.19 文库的筛选 ....................................................................................................... 50 
2.20 目的基因敲除 ................................................................................................... 52 
2.21 接合转移 ........................................................................................................... 53 
2.22 菌株发酵检测 ................................................................................................... 54 
2.23 生物信息学分析 ............................................................................................... 55 
第三章  结果与分析 .................................................................................. 56 
第一节  Streptomyces sp. LZ35 中安莎生物合成基因簇分析.................................... 56 
1.1 LZ35 菌株全基因组测序 .................................................................................... 56 
1.2 LZ35 菌株中安莎基因簇的定位及序列分析 .................................................... 58 
1.2.1 Hygrocin 生物合成基因簇序列分析........................................................ 58 
1.2.2 Geldanamycin 生物合成基因簇序列分析................................................ 60 
1.2.3 沉默新安莎生物合成基因簇序列分析 ................................................... 62 
1.3 小结与讨论 ......................................................................................................... 64 
第二节  Streptomyces sp. LZ35 菌株中沉默新安莎基因簇特征分析........................ 66 
2.1 沉默新安莎基因簇生物信息学分析 ................................................................. 66 
2.1.1 起始单元 AHBA 生物合成基因............................................................... 66 
2.1.2 聚酮合酶基因 ........................................................................................... 67 
2.1.3 奈环形成基因 ........................................................................................... 73 
2.1.4 延伸单元合成基因 ................................................................................... 74 
2.1.5 酰胺合酶基因 ........................................................................................... 75 
2.1.6 基因簇中调控因子 ................................................................................... 76 
2.2 沉默新安莎基因簇代谢产物结构预测 ............................................................. 77 
2.3 小结与讨论 ......................................................................................................... 78 













目  录 
 
3.1 LZ35 菌株遗传操作体系的建立 ........................................................................ 79 
3.1.1 生长培养基选择 ....................................................................................... 79 
3.1.2 抗生素敏感实验 ....................................................................................... 80 
3.1.3 接合转移条件优化 ................................................................................... 80 
3.1.4 基因阻断流程建立 ................................................................................... 81 
3.2 LZ35 菌株中部分次级代谢生物合成基因簇阻断 ............................................ 82 
3.2.1 LZ35△gdmAI 突变株构建 ........................................................................ 82 
3.2.2 LZ35△gdmAI△nigA 突变株构建 .............................................................. 83 
3.2.3 LZ35△gdmAI△nigA△elpA 突变株构建.................................................... 84 
3.2.4 LZ35△gdmAI△nigA△elpA△hgcA 突变株构建......................................... 85 
3.3 小结与讨论 ......................................................................................................... 87 
第四节  Streptomyces sp. LZ35 菌株中沉默新安莎基因簇的激活............................ 88 
4.1 大规模发酵未能获得沉默新安莎基因簇的代谢产物 ..................................... 88 
4.2 红霉素抗性基因启动子 ermEp*置换 PKS 基因启动子 .................................. 88 
4.2.1 启动子置换突变株构建 ........................................................................... 89 
4.2.2 启动子置换突变株代谢产物分析 ........................................................... 89 
4.2.3 启动子置换突变株转录分析 ................................................................... 91 
4.3 敲除 nam 基因簇中途径专一性负调控基因 .................................................... 92 
4.3.1 TetR 敲除突变株的构建 ........................................................................... 92 
4.3.2 TetR 敲除突变株代谢产物分析 ............................................................... 93 
4.4 过表达 nam 基因簇中途径专一性正调控基因 ................................................ 94 
4.4.1 过表达 Nam1 基因的突变株构建与分析 ............................................... 94 
4.4.2 沉默安莎基因簇的验证 ........................................................................... 96 
4.4.3 未知安莎化合物产量提高 ....................................................................... 97 
4.4.4 过表达 Nam1 突变株转录分析 ............................................................... 97 
4.5 沉默安莎基因簇代谢产物分离及结构鉴定 ..................................................... 98 
4.6 Neoansamycin 的生物活性 ................................................................................. 99 
4.7 小结与讨论 ....................................................................................................... 100 
第五节  Neoansamycin 的生物合成研究 ................................................................... 102 
5.1 敲除 ccr 基因突变株的构建及分析................................................................. 102 
5.2 Nam8 蛋白表达及纯化 ..................................................................................... 104 
5.3 Nam8 蛋白结晶 ................................................................................................. 105 
5.4 Neoansamycin 基因簇中其他基因功能验证 ................................................... 106 
5.4.1 基因阻断突变株构建 ............................................................................. 106 
5.4.2 突变株代谢产物 HPLC 分析................................................................. 107 
5.5 Neoansamycin生物合成途径推测 ................................................................... 108 
5.6 小结与讨论 ....................................................................................................... 109 
第六节  Hygrocin 的生物合成研究............................................................................. 111 
6.1 Hygrocin 生物合成基因簇的确证.....................................................................112 
6.1.1 Hygrocin 聚酮合酶基因分析...................................................................112 
6.1.2 敲除 hgcA 基因突变株的构建与分析....................................................113 
6.2 Hygrocin 中 AHBA 起始单元合成 ...................................................................114 
6.2.1 LZ35 菌株中 AHBA 生物合成基因分析................................................114 













目  录 
 
6.3 Hygrocin 的释放与环化.....................................................................................117 
6.3.1 酰胺合酶基因分析 ...................................................................................117 
6.3.2 敲除 hgcF 基因突变株的构建................................................................118 
6.3.3 酰胺合酶基因回补菌株的构建 ..............................................................119 
6.3.4 酰胺合酶基因回补菌株代谢产物 HPLC 分析..................................... 121 
6.3.5 回补菌株 SR307ALT 代谢产物分离鉴定.............................................. 122 
6.4 Hygrocin 中乙基丙二酰辅酶 A 单元的合成 ................................................... 123 
6.5 Hygrocin 生物合成调控.................................................................................... 125 
6.5.1 调控基因突变株构建与分析 ................................................................. 125 
6.5.2 Hgc1 正调控 hygrocin 的生物合成 ........................................................ 126 
6.6 Hygrocin 氧化后修饰基因................................................................................ 127 
6.7 Hgc2 参与 hygrocin 奈环形成 .......................................................................... 130 
6.7.1 基因 hgc2 对突变株 SR315 回补 .......................................................... 130 
6.7.2 基因 rif-orf19 对突变株 SR315 回补 .................................................... 131 
6.8 Hgc3 参与 hygrocin C5/C6 位氧插入............................................................... 133 
6.8.1 基因 hgc3 对突变株 SR316 回补 .......................................................... 133 
6.8.2 突变株 SR316 代谢产物 DM12 的分离................................................ 134 
6.9 Hgc4 参与 hygrocin C7 位羟基化 .................................................................... 135 
6.9.1 基因 hgc4 对突变株 SR317 回补 .......................................................... 135 
6.9.2 突变株 SR317 代谢产物的分离 ............................................................ 136 
6.9.3 Hgc4 蛋白表达及纯化 ............................................................................ 137 
6.9.4 Hgc4 体外催化活性 ................................................................................ 137 
6.10 Hygrocin 结构理性改造.................................................................................. 138 
6.10.1 HgcE 中 DH 基因敲除突变株构建 ...................................................... 139 
6.10.2 HgcE 中 DH 基因点突变 ...................................................................... 139 
6.10.3 点突变菌株 SR321 代谢产物 HPLC 分析.......................................... 141 
6.11 Hyrocin 生物合成途径推测 ............................................................................ 141 
6.12 小结与讨论 ..................................................................................................... 142 
第四章  总结与展望 ................................................................................ 144 
1 本研究工作总结 ......................................................................................................... 144 
2 本研究工作展望 ......................................................................................................... 145 
参考文献................................................................................................... 147 
附  录 ...................................................................................................... 158 
















Abstract in Chinese ....................................................................................... I 
Abstract ...................................................................................................... III 
List of abbreviation .................................................................................... VI 
Chapter 1  Preface ...................................................................................... 1 
1 Research status of microbial natural products.................................................................. 1 
2 Strategies to discover novel natural bioactive molecules ................................................. 2 
2.1 Search for new microial resouces from new habitat .............................................. 2 
2.1.1 Marine microorganisms................................................................................ 3 
2.1.2 Plant endophytes .......................................................................................... 4 
2.1.3 Unculturable microorganisms ...................................................................... 4 
2.1.4 The neglected microorganisms..................................................................... 5 
2.2 Improving microbial culture methods .................................................................... 8 
2.2.1 Nutritional regulation ................................................................................... 8 
2.2.2 Co-culture ..................................................................................................... 9 
2.2.3 N-acetylglucosamine system ...................................................................... 10 
2.2.4 Small molecule elicitors ............................................................................. 10 
2.3 Genome mining .....................................................................................................11 
2.3.1 Overexpression of positive regulatory genes ............................................. 13 
2.3.2 Disruption of negative regulatory genes .................................................... 14 
2.3.3 Introduction of a constitutive promoter...................................................... 14 
2.4 Heterologous expression ...................................................................................... 15 
2.4.1 Metagenomics ............................................................................................ 15 
2.4.2 Silent gene clusters ..................................................................................... 16 
2.5 Engineering technology........................................................................................ 17 
2.5.1 Metabolic engineering ................................................................................ 17 
2.5.2 Ribosome engineering................................................................................ 17 
2.5.3 Combinatorial biosynthesis ........................................................................ 19 
2.6 Synthetic biological approaches ........................................................................... 20 
3 Introduction of ansamycins ............................................................................................ 21 
4 The background and objectives of the thesis ................................................................. 22 
Chapter 2  Materials and Methods........................................................... 24 
1 Materials ....................................................................................................................... 24 
1.1 Strains ................................................................................................................... 24 
1.2 Plasmids ............................................................................................................... 27 
1.3 Medium ................................................................................................................ 29 
1.4 Reagents and Chemicals....................................................................................... 30 















2. Methods  ........................................................................................................................ 35 
2.1 Culture and preservation of strains....................................................................... 35 
2.2 Extraction of plasmid DNA of E.coli................................................................... 35 
2.3 Preparation of E. coli competent cells.................................................................. 36 
2.4 PCR amplification of DNA fragment................................................................... 36 
2.5 Purification of PCR products ............................................................................... 37 
2.6 Recovery of DNA fragments ................................................................................ 37 
2.7 Restriction enzyme digestion of DNA and plasmid............................................. 38 
2.8 Dephosphorylation of plasmid digested product.................................................. 38 
2.9 Ligation of target DNA and plasmid.................................................................... 38 
2.10 Transformation into E. coli ................................................................................ 39 
2.11 Heterelogous expression and purification of protein ......................................... 39 
2.12 Protein crystal..................................................................................................... 41 
2.13 Site-specific mutagenesis ................................................................................... 42 
2.14 Transcriptional analysis...................................................................................... 42 
2.15 Resting cell preparation...................................................................................... 45 
2.16 Biological properties .......................................................................................... 45 
2.17 Extraction of genome DNA of actinomycetes ................................................... 46 
2.18 Construction of fosmid library ........................................................................... 48 
2.19 Screening of genomic library ............................................................................. 50 
2.20 PCR-targeting technology .................................................................................. 52 
2.21 Conjugation ........................................................................................................ 53 
2.22 Fermentation and products detection ................................................................. 54 
2.23 Bioinformatics analysis ...................................................................................... 55 
Chapter 3  Results and Analysis ............................................................... 56 
Section 1 Sequence analysis of the ansamycin gene clusters in Streptomyces sp. LZ35
 ........................................................................................................................................... 56 
1.1 Genome sequence of Streptomyces sp. LZ35....................................................... 56 
1.2 Location and sequence analysis of ansamycin gene clusters in Streptomyces sp. 
LZ35 ........................................................................................................................... 58 
1.2.1 Sequence analysis of the hygrocin biosynthetic gene cluster .................... 58 
1.2.2 Sequence analysis of the geldanamycin biosynthetic gene cluster  ............ 60 
1.2.3 Sequence analysis of the silent ansamycin biosynthetic gene cluster  ........ 62 
1.3 Conclusion and discussion ................................................................................... 64 
Section 2  In silico characterization of the nam gene cluster in Streptomyces sp. LZ35
 ........................................................................................................................................... 66 
2.1 Bioinformatics analysis of the nam gene cluster.................................................. 66 
2.1.1 The AHBA biosynthesis genes. .................................................................. 66 
2.1.2 The PKS genes ........................................................................................... 67 
2.1.3 Genes involved in naphthalene ring formation .......................................... 73 
2.1.4 Genes involved in the biosynthesis of the unusual extender unit  .............. 74 
2.1.5 The amide synthase gene............................................................................ 75 















2.2 Prediction of the cryptic ansamycin structure  ...................................................... 77 
2.3 Conclusion and discussion ................................................................................... 78 
Section 3  Genetic modification of Streptomyces sp. LZ35 ........................................ 79 
3.1 Establishment of the genetic manipulation systems for Streptomyces sp. LZ35 . 79 
3.1.1 Culture medium selection........................................................................... 79 
3.1.2 Antibiotic sensitivity tests .......................................................................... 80 
3.1.3 Optimization of conjugal transfer conditions............................................. 80 
3.1.4 Establishment of gene disruption procedure .............................................. 81 
3.2 Disruption of secondary metabolite gene clusters in Streptomyces sp. LZ35 ...... 82 
3.2.1 Construction of LZ35△gdmAI mutant ...................................................... 82 
3.2.2 Construction of LZ35△gdmAI△nigA mutant........................................... 83 
3.2.3 Construction of LZ35△gdmAI△nigA△elp mutant.................................. 84 
3.2.4 Construction of LZ35△gdmAI△nigA△elpA△hgcA mutant ................... 85 
3.3 Conclusion and discussion ................................................................................... 87 
Section 4  Activation of the nam gene cluster in Streptomyces sp. LZ35 .................. 88 
4.1 The ansamycin gene cluster remained silent under all investigated conditions ... 88 
4.2 Introduction of a constitutive promoter ermEp* upstream of the nam PKS gene 88 
4.2.1 Construction of the promoter exchange mutant ......................................... 89 
4.2.2 HPLC analysis the products from the promoter exchange mutant............. 89 
4.2.3 Gene transcription analysis of promoter exchange mutant ........................ 91 
4.3 Disruption of negative regulatory genes .............................................................. 92 
4.3.1 Construction of the TetR disruption mutants ............................................. 92 
4.3.2 HPLC analysis the products from the TetR disruption mutants ................. 93 
4.4 Overexpression of positive regulatory genes ....................................................... 94 
4.4.1 Construction and analysis of the Nam1 overexpression strain  .................. 94 
4.4.2 Confirmation of the nam biosynthetic gene cluster ................................... 96 
4.4.3 Improving the production of the cryptic ansamycin .................................. 97 
4.4.4 Gene transcription analysis of the Nam1 overexpression mutants  ............ 97 
4.5 Isolation and structural elucidation of the novel ansamyin compounds  .............. 98 
4.6 Biological properties of the neoansamycin .......................................................... 99 
4.7 Conclusion and discussion ................................................................................. 100 
Section 5  Study on the neoansamycin biosynthesis ................................................. 102 
5.1 Construction and analysis of ccr gene disruption mutants................................. 102 
5.2 Expression and purification of the Nam8 protein .............................................. 104 
5.3 Crystals of Nam8................................................................................................ 105 
5.4 Construction and analysis of other gene in nam gene cluster ............................ 106 
5.4.1 Construction of the gene disruption mutants............................................ 106 
5.4.2 HPLC analysis of production of mutant strains ....................................... 107 
5.5 Putative neoansamycin biosynthetic pathway.................................................... 108 
5.6 Conclusion and discussion ................................................................................. 109 
Section 6  Study on the hygrocin biosynthesis ........................................................... 111 
6.1 Confirmation of the hygrocin biosynthetic gene cluster .....................................112 
6.1.1 Analysis of the hygrocin PKS gene...........................................................112 















6.2 Biosynthesis of the hygrocin starter unit.............................................................114 
6.2.1 Analysis of the AHBA biosynthesis genes ................................................114 
6.2.2 Construction and analysis of AHBA synthase mutants  .............................115 
6.3 The release and cyclization of hygrocin..............................................................117 
6.3.1 Analysis of the amide synthase gene.........................................................117 
6.3.2 Construction of the hgcF disruption mutant .............................................118 
6.3.3 Construction of amide synthase gene complementrary strains  .................119 
6.3.4 HPLC analysis of amide synthase gene complementrary strains ............. 121 
6.3.5 Isolation and structural elucidation of the mutant SR307ALT................. 122 
6.4 Biosynthesis of hygrocin ethylmalonyl-CoA extender unit ............................... 123 
6.5 Regulation of hygrocin biosynthesis .................................................................. 125 
6.5.1 Construction and anlysis of the regulatory gene disruption mutants  ....... 125 
6.5.2 Hgc1 is a positive regulator in biosynthesis of hygrocin  ......................... 126 
6.6 The oxidase genes involved in tailoring process................................................ 127 
6.7 Hgc2 involved in hygrocin naphthalene ring formation .................................... 130 
6.7.1 Complementation of mutant SR315 with hgc2 gene ............................... 130 
6.7.2 Complementation of mutant SR315 with rif-orf19 gene ......................... 131 
6.8 Hgc3 involved in C5/C6 oxidative cleavage of hygrocin .................................. 133 
6.8.1 Complementation of mutant SR316 with hgc3 gene ............................... 133 
6.8.2 The metabolites isolation from mutant SR316......................................... 134 
6.9 Hgc4 involved in the C7 hydroxylation of hygrocin.......................................... 135 
6.9.1 Complementation of mutant SR317 with hgc4 gene ............................... 135 
6.9.2 The metabolites isolation from mutant SR317......................................... 136 
6.9.3 Heterelogous expression and purification of Hgc4 protein...................... 137 
6.9.4 In vitro catalytic activity of Hgc4............................................................. 137 
6.10 Rational biosynthetic engineering for hygrocin  ............................................... 138 
6.10.1 Construction of the HgcE domain DH gene disruption mutants ............ 139 
6.10.2 Site-directed mutagenesis of the DH domain of HgcE .......................... 139 
6.10.3 HPLC analysis of the metabolites from SR321 ..................................... 141 
6.11 Putative hygrocin biosynthetic pathway........................................................... 141 
6.12 Conclusion and discussion ............................................................................... 142 
Chapter 4  Summary and Perspectives .................................................. 144 
1 Summary of the subject ................................................................................................ 144 
2 Prospects of the subject ................................................................................................ 145 
References ................................................................................................ 147 
Appendix .................................................................................................. 158 














摘  要 
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ermEp*启动子，RT-PCR 分析显示部分激活了基因簇表达，分离得到一个中间体 4 酮化
合物。（2）分别敲除 nam 基因簇中 TetR 家族负调控因子，HPLC 分析突变株发酵产物，
与野生型相比未发现明显的代谢谱变化。（3）通过组成型过表达基因簇中 LuxR 家族调
控因子 Nam1，全面激活了 nam 基因簇的表达，得到基因簇的编码产物 neoansamycins。
生物活性测定显示 neoansamycin A 对 HeLa 和 HepG-2 细胞的 IC50 均为 10 μM，具有中
等的抗肿瘤活性。Neoansamycins 生物合成中含有乙基丙二酰辅酶 A 和戊基丙二酰辅酶
A 两种不常见的延伸单元，阻断 nam8 基因终止了 neoansamycins 的产生，表明 nam8 基
因可能与戊基丙二酰辅酶 A 的合成相关。基因 nam7 与 rifamycin 生物合成基因簇中 rif-
orf19 同源，可能参与萘环的形成，阻断 nam7 基因终止了 neoansamycins 的产生，积累
了一个可能是苯安莎的中间代谢产物。 
Hygrocins 是 LZ35 菌株产生的另一类萘安莎化合物，其生物合成机制尚未见报道。
我们通过序列分析在基因组上定位了其生物合成基因簇，通过阻断 hgcA 基因进行了确
认。对 hgc 基因簇开展了以下几方面的工作：（1）前体 AHBA 及乙基延伸单元的合成。


















和 divergolides 基因簇的酰胺合酶可以环化 hygrocin 生物合成聚酮链，并产生新的
hygrocin 衍生物。（3）氧化后修饰基因功能的研究。通过对 hgc 基因簇中 7 个氧化还原
酶基因敲除，确定了 hgc2、hgc3 和 hgc4 与 hygrocin 的生物合成相关。基因 rif-orf19 交
叉回补实验，表明羟基化酶 Hgc2 可能参与 hygrocin 萘环形成；单氧化酶 Hgc3 可能通
过 Baeyer-Villiger 氧化反应催化 hygrocin C5/C6 位的氧化断裂；P450 氧化酶 Hgc4 负责
催化 hygrocin C7 位的羟基化反应。（4）hygrocin 生物合成调控的研究。通过基因敲除、



























There is a constant need for new drugs to combat the increase of resistance of pathogenic 
microorganisms and infectious diseases. Natural products continue to provide a diverse and 
unique source of bioactive lead compounds for drug discovery. Actinomycetes and especially 
the genus Streptomyces are the main producers of secondary metabolites. Genomics data has 
revealed that most of microorganisms have the potential to produce a far larger number of 
natural products than have been isolated previously. In search for new drugs, the genome 
mining approach proved to be a powerful tool in the identification of cryptic secondary 
metabolite pathways. Ansamycins is a family of macrocyclic lactam compounds, mainly 
produced by Actinomycetes. These compounds demonstrate extensive biological and 
pharmaceutical activities, and are used as antibiotics, anticancer gents, and enzyme inhibitors. 
In the post-genome era, it’s significant that genome mining for novel ansamycins to offer new 
lead compound for drugs. 
Genome sequence of Streptomyces sp.LZ35 has revealed three ansamycins biosynthetic 
gene clusters, two of which for producing geldanamycin and hygrocin, the other for producing 
cryptic ansamycin compounds. According to bioinformatics analysis, the cryptic ansamycin 
gene cluster is related to a new octaketide naphthalenic ansamycin compounds. Initially, we 
failed to isolate the compound by the optimization of culture conditions, maybe in the 
laboratory standard conditions, the cluster is either silent or expressed at a very low level. To 
trigger expression of the cluster, three different strategies were adopted in this work, 
respectively. The first one is introduction of a constitutive promoter ermEp* into the upstream 
of the polyketide synthase genes, RT-PCR analysis showed that the cluster is partially activated, 
and leading to the production of tetraketide intermediates. The second one is knocking out the 
TetR family negative regulators, the resulted mutant had no discernible effect on the metabolite 
profile. The third one is constitutive overexpression of the LuxR family regulatory gene nam1, 
transcriptional analysis showed total activation of the silent ansamycin biosynthetic genes, and 
led to the identification of three novel ansamycins, named neoansamycins. Interestingly, the 
neoansamycin A showed IC50 10 μM against the growth of HeLa and HepG2 cell line, 















an atypical extender unit, ethylmalonyl-CoA and pentalmalonyl-CoA, inactivation of nam8 
terminated the generation of neoansamycin, indcated that nam8 maybe involved in the 
biosynthesis of pentalmalonyl-CoA. Nam7 is homologous to Rif-orf19, disruption of nam7 
gene resulted in neoansamycin elimination and concurrent production of a putative analog, 
maybe a derivative of neoansamycin with a benzenic ring system. 
Hygrocin is another naphthalenic ansamycin compounds produced by strain LZ35 and its 
biosynthesis have not been reported in the literature. We analyzed the sequence of hgc gene 
cluster and locate it in the genome, the cluster was confirmed by disruption of hgcA leading to 
no hygrocin production. We carried out the following work: (1) The biosynthesis of AHBA 
precursor and ethylmalonyl-CoA extendr unit. The hygrocin biosynthetic pathway shared the 
precursor with other secondary metabolites pathway, such as the AHBA precursor in 
geldanamycin gene cluster, and ethylmalonyl-CoA extendr unit in other biosynthetic pathways 
in strain LZ35. (2) Amide synthase functional verification. Amide synthase is a key enzyme, 
which is respond for ansamycin cyclization and release from the PKS. We have investigated 
the substrate selectivity of amide synthase. In hgcF disruption mutant, cross-complementation 
of amide synthase gene from other ansamycin gene cluster, only the amide synthase gene from 
ansalactam and divergolides can replace the hgcF to release and cyclization hygrocin 
derivatives. (3) The genes involved in tailoring process. To investigate the roles of oxidase gene 
played in the hygrocin gene cluster, seven genes were inactivated, the hgc2, hgc3, hgc4 
disruption mutants abolished the production of hygrocin, confirming their involvement in the 
hygrocin biosynthesis. Cross-complementation of rif-orf19 indicated that the Hgc2 may 
involvement in naphthalene ring formation in biosynthesis of hygrocin. The Hgc3 functions in 
the oxidative cleavage C5/C6 of hygrocin via a Baeyer-Villiger type oxidation reaction. The 
Hgc4 encodes a cytochrome P450 hydroxylases, involved in the hydroxylation of the hygrocin 
polyketide moiety at C7. Gene inactivation, complementation and constitutive overexpression 
indicated that Hgc1 is a positive regulator for hygrocin biosynthesis. 
In summary, we have identified a unique novel structural class of ansamycin named 
neoansamycins used genome mining strategy, which demonstrated that the feasibility and 
effectiveness of gene cluster and pathway analysis provide important information to guide 















structural ansamycins produced by microbiology are waiting for us to exploit. The information 
of biosynthesis hygrocin presented here expands our knowledge of the biosynthesis of 
ansamycins, and pave the way for further rational engineering new ansamycin with 
combinatorial biosynthesis and synthetic biology.  
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